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Abstract

Aims: The purpose of this study was to determine whether 3¢-5¢-cyclic adenosine monophosphate (cAMP)-
protein kinase A (PKA) and Sirtuin-1 (SIRT1) dependent mechanisms modulate ATP-binding Cassette (ABC)
transport protein expression. ABC transport proteins (ABCC2–4) are essential for chemical elimination from
hepatocytes and biliary excretion. Nuclear factor-E2 related-factor 2 (NRF2) is a transcription factor that me-
diates ABCC induction in response to chemical inducers and liver injury. However, a role for NRF2 in the
regulation of transporter expression in nonchemical models of liver perturbation is largely undescribed. Results:
Here we show that fasting increased NRF2 target gene expression through NRF2- and SIRT1–dependent
mechanisms. In intact mouse liver, fasting induces NRF2 target gene expression by at least 1.5 to 5-fold. In
mouse and human hepatocytes, treatment with 8-Bromoadenosine-cAMP, a cAMP analogue, increased NRF2
target gene expression and antioxidant response element activity, which was decreased by the PKA inhibitor,
H-89. Moreover, fasting induced NRF2 target gene expression was decreased in liver and hepatocytes of SIRT1
liver-specific null mice and NRF2-null mice. Lastly, NRF2 and SIRT1 were recruited to MAREs and Antioxidant
Response Elements (AREs) in the human ABCC2 promoter. Innovation: Oxidative stress mediated NRF2 acti-
vation is well described, yet the influence of basic metabolic processes on NRF2 activation is just emerging.
Conclusion: The current data point toward a novel role of nutrient status in regulation of NRF2 activity and the
antioxidant response, and indicates that cAMP/PKA and SIRT1 are upstream regulators for fasting-induced
activation of the NRF2-ARE pathway. Antioxid. Redox Signal. 20, 15–30.

Introduction

Members of the ATP-binding cassette (ABC) super-
family, efflux organic anions from hepatocytes into bile

(e.g., Abcc2) and blood (e.g., Abcc3 and 4). Increased Abcc2
expression increases biliary excretion of organic anion (e.g.,
disulfobromophthalein [DBSP]), whereas increased Abcc3
expression reverses vectorial excretion of glucuronide conju-
gates into blood (25). Genetic and pharmacological nuclear
factor-E2 related factor 2 (NRF2) activation can upregulate
Abcc2–4 expression in liver (25, 36).

NRF2 belongs to the basic leucine zipper family of tran-
scription factors, present in the cytoplasm as a complex
with Kelch like ECH-associated protein-1 (Keap1), Cul3 and
ubiquitin-E3 ligase and undergoes continual proteasomal
degradation (27, 50). Upon activation, NRF2 dissociates from
the Keap1-Cul3-Ubiquitin E3 complex, translocates to nucleus
and activates gene transcription by binding to Antioxidant
Response Element (ARE). NRF2 is responsive to cellular re-
dox status alterations (39) and is largely described to medi-
ate induction of xenobiotic metabolism and cytoprotection
genes, such as Nadph:quinone oxidoreductase (Nqo1) and
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glutamate-cysteine ligase, catalytic subunit, in response to
oxidative stress and change in cellular redox status (23).

Nutrient homeostasis in liver relies on redox status. During
fasting, decreased glucose and increased pyruvate concen-
trations increase the NAD + /NADH ratio, initiating a cascade
of events that activate gluconeogenesis (44). Fasting increases
glucagon, which increases intracellular 3¢-5¢-cyclic adenosine
monophosphate (cAMP) content (30), activates protein kinase
A (PKA), and modulates transcription of multiple genes in
liver that maintain glucose homeostasis, metabolism, and
transport (9). cAMP/PKA cascade activates downstream ex-
pression of gluconeogenic genes, restoring blood glucose
levels to normal (5). Short-term fasting induces gluconeo-
genesis via mTOR/TORC2 pathway, which is inhibited dur-
ing longer fasting intervals by Sirtuin1 (NAD-dependent
deacetylase, SIRT1) switching to the use of free fatty acids as
precursors for glucose production via deacetylation and acti-
vation of PPAR gamma coactivator alpha (Pgc-1a) and
Forkhead Box O1 (Foxo1). (17, 34, 44).

Along with gluconeogenic genes, fasting induces tran-
scription of some genes involved in biotransformation (e.g.,
Cyp2b10, CYP2C11, CYP2E1, CYP2B1/2) and transport (e.g.,
Slco1b2) in coordination with nuclear receptors (6, 9). How-
ever, little is known about effect of nutritional status on biliary
clearance mechanisms or bile flow. Few studies exist regard-
ing how fasting affects transporter or the nuclear receptor-
regulated pathways which regulate expression. Fasting
effects on the NRF2-Keap1 signaling pathway, which is re-
sponsive to oxidative stress and altered redox status, have not
been elucidated. Some evidence suggests a possible role for
NRF2 in lipid and glucose homeostasis (3, 40), very little is
known about how fasting affects the NRF2-Keap1 pathway.
To date, no study has addressed how SIRT1 regulates NRF2
activity and subsequent gene expression in vivo.

The purpose of this study was to identify whether (i)
fasting increases Abcc expression through NRF2- and SIRT1-
dependent mechanisms and (ii) cAMP/PKA activators in-
crease ARE activation via NRF2- and SIRT1-dependent
mechanisms in vitro. The current study determined whether
fasting and pharmacological activation of the fasting re-
sponse pathway increased NRF2 activity and upregulated
Abcc2–4 expression through cAMP/PKA-SIRT1-dependent
mechanisms. Data herein present an undescribed role for
NRF2 as a ‘‘nutrient sensitive’’ responsive transcription fac-

tor that is regulated via SIRT1-dependent mechanisms
in vivo, and illustrate hepatic clearance mechanisms are dif-
ferentially affected by fasting.

Results

Fasting increases Abcc2–4 expression in liver
and hepatocytes

First, it was determined whether fasting modulates biliary
clearance via induction of Abcc transporters expression and
activity. The fasting model displayed a typical hepatic fast-
ing response, with induction of Pgc-1a and Sult2a1 mRNA
expression in liver (Supplementary Fig. S1; Supplementary
Data are available online at www.liebertpub.com/ars).
Fasting increased excretion of DBSP, a prototypical organic
anion that undergoes biliary excretion via Abcc2 (25), into
gallbladder bile by *3-fold compared to fed mice (Fig. 1A).
Fasting correspondingly increased liver Abcc2–4 mRNA levels
(Fig. 1B) and Abcc2–4 protein expression (Fig. 1C) compared to
mice fed ad libitum. 8-Br-cAMP, a cAMP analogue that activates
cAMP/PKA pathway, increased expression of Abcc2–4 by 6,
1.75 and 1.5-fold in primary mouse hepatocytes (Fig. 1D).
Additionally, 8-Br-cAMP induced ABCC2 and 3 expression by
5, and 2-fold, in human Huh-7 hepatocarcinoma cells (Fig. 1E);
indicating that fasting induced activation of NRF2 was con-
served in human-derived cells. In line with these data, several
upstream activators of fasting pathway, glucagon, epineph-
rine, and 8-Br-cAMP, increased ABCC2–4 expression in pri-
mary human hepatocytes (Fig. 1F).

Nqo1 is considered to be a prototypical NRF2 target gene in
mouse and human (26). Our previous work in demonstrated
that food deprivation for 24 h increased Nrf2 and Nqo1
mRNA expression in livers of mice (55). Similar to the latter
work, the cohort used herein also had increased Nqo1 and
Nrf2 mRNA levels in liver compared to fed controls (Fig. 2A)
fasting slightly increased Keap1 mRNA expression by 25%
(Supplementary Fig. S2). Moreover, 8-Br-cAMP, a PKA acti-
vator, increased Nqo1 expression by 2-fold in primary mouse
hepatocytes (Fig. 2B). This increase was accompanied by an
increased Nrf2 binding to consensus ARE sequence in liver
nuclear extracts from Nrf2 wild-type (WT) fasted mice (Fig.
2C) as determined by Procarta TF plex assay. To further ex-
plore the molecular mechanism underlying the fasting in-
duced activation of NQO1 and ABCC2–4, we examined
nuclear NRF2 levels before and after 8-Br-cAMP treatment. As
shown in Figure 2D, 8-Br-cAMP increased nuclear NRF2
levels 1 h post treatment in Huh-7 cells along with increased
cytosolic Nqo1 expression as determined by western blot (Fig.
2D). Additionally, PKA activators increased NQO1 expres-
sion in primary human hepatocytes (Fig. 2E). The observa-
tions indicate that activation of fasting pathways induces
Nrf2, Nqo1, Abcc2–4 mRNA, and protein expression in
mouse and human in vitro and in vivo models. Gsta-1, another
Nrf2-regulated gene, was not induced in livers of mice after
fasting, but was induced in human hepatocytes treated with
8-Br-cAMP (Supplementary Fig. S3).

Fasting induces Nrf2 activation and Abcc2–4,
and Nqo1 expression in WT in part through
Nrf2-dependent mechanisms

To determine whether fasting induces expression of Nrf2
target genes through Nrf2-dependent mechanisms, relative

Innovation

The present data demonstrate a regulatory role of nu-
clear factor-E2 related factor 2 in contributing to Abcc2–4
upon fasting, which corresponds to endogenous metabolite
alterations. These observations also link the Sirtuin-1-
PPAR gamma coactivator alpha pathway to mechanisms
that dictate hepatic clearance and implicate other mecha-
nisms, such as acetylation, are involved. Use of Anti-
oxidant response element (ARE)-hPAP mice to study
hepatic regulation of ARE activity has not been described.
Detection of disulfobromophthalein in gallbladder bile to
indirectly quantify Abcc2 activity in mice has not been
described, which will help the transporter field be able to
assess Abcc2 function in mice, which is challenging to do
by cannulation surgery.
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Nqo1 and Abcc expression in WT and Nrf2-null fasted mice
was quantified. Increased Nqo1, Abcc2–4 expression at 24 h in
Nrf2 WT mice, whereas expression in livers of Nrf2-null mice
was significantly lower (Fig. 3A). The relative mRNA fold
increase in Nqo1 mRNA was higher than Abcc2–4, which is
consistent with previous observations (2, 57). Fasting also
increased Abcc2 protein staining in livers of C57BL/6 mice,
but not in livers of Nrf2 null mice (Fig. 3B). Further, fasting
increased Abcc2, Abcc3, Nqo1 protein expression (Fig. 3C). To
identify whether changes in mRNA and protein expression of
Abccs during fasting contributed to changes in metabolite and
substrate concentrations, serum and liver bile acids were
quantified (Fig. 3D). Fasting increased bile acid levels by 23%
in Nrf2 WT mice, while decreasing the serum bile acid content
by *40%, which is consistent with a previous observation
(32). Nrf2-null mice had lower serum bile acid levels in the fed

state (Fig. 3D) consistent with previously published data (52),
but after fasting, liver bile acid levels in the Nrf2-null mouse
livers were similar to levels in fed Nrf2-null livers (Fig. 3D),
suggesting possible decreased export of bile acids into the
bile. We quantified serum and liver cAMP concentrations
because cAMP is a described substrate for Abcc4 (11, 31).
Fasting increased serum cAMP levels in WT mice by 77%,
whereas levels were unchanged in NRF2 null mouse serum
(Fig. 3D). Liver cAMP levels in Nrf2 WT mice decreased by
48% upon 24 h fasting, but remained unchanged in the Nrf2
null mice (Fig. 3D), which corresponds to the observed lack of
Abcc4 induction (Fig. 3A) and suggesting increased hepatic
retention of cAMP.

To further test the possibility that Nrf2 induces expression
of its targets through ARE, ARE-hPAP reporter transgenic
mice possessing a human alkaline phosphatase reporter

FIG. 1. Fasting induces Abcc2–4 expression in vitro and in vivo. (A) Increased biliary disulfobromophthalein (DBSP)
excretion upon fasting. DBSP (150 lmol/kg/5 ml, intraperitoneal injection) was injected into C57BL/6 mice (n = 5 per group)
either fed ad libitum or fasted for 18 h. 45 min after injection, gallbladders were collected and biliary DBSP content was
determined spectrophotometrically after appropriate dilution and alkalinization of bile with 0.1 N NaOH. The data are
represented as average – SEM lmol of DBSP/ll bile/kg body weight. (B) Induction of Abcc 2–4 expression in mouse liver
after a 24 h fast-Total RNA was isolated from livers of C57BL/6 mice either fed ad libitum or fasted for 24 h. Relative Abcc 2–4
mRNA expression was quantified by real-time quantitative PCR. The data are represented as average – SEM fold change over
the fed controls. All data have been normalized to 18S rRNA. (C) Induction of Abcc2–4 protein expression in mouse liver after
24 h fasting-Crude membrane proteins were isolated from livers of C57BL/6 mice either fed ad libitum or fasted for 24 h.
Abcc2–4 protein expression was quantified by western blotting. (D) Induction of Abcc 2–4 mRNA expression in primary
mouse hepatocytes by 8-Bromoadenosine-3¢,5¢-Cyclic Adenosine Monophosphate (8-Br-cAMP)-Primary mouse hepatocytes
were treated with DMSO or 8-Br-cAMP (1 mM) for 24 h. Total RNA was isolated 24 h after treatment and Abcc2–4 mRNA
expression was quantified using real time quantitative PCR. The data are represented as average – SEM (n = 3) fold change
over the fed controls. All data are normalized to 18S rRNA. Groups without a common letter are significantly different. (E)
Time dependent expression of ABCC 2–4 mRNA in Huh-7 cells by 8-Br-cAMP- Huh-7 cells were treated with 1.0 mM 8-Br-
cAMP for 0, 3, 6, 12, 24, and 48 h with media as the control (n = 3). Total RNA was isolated and ABCC 2–4 mRNA expression
was quantified using the Branched DNA Signal Amplification assay. The data are represented as average Relative Light Units
(RLU) per 10 lg total RNA – SEM (n = 3). (F) Induction of ABCC 2–4 mRNA expression in primary human hepatocytes by 8-
Brc-AMP-Primary human hepatocytes were treated with media, DMSO, 8-Br-cAMP (0.1 and 1 mM), epinephrine (10 and
100 lM) or glucagon (0.1 and 1 lM) for 24 h. At the end of 24 h cells were lysed using Lysis Mixture�. mRNA levels of ABCC
2–4 were quantified using Branched DNA signal amplification assay. The data are represented as relative mRNA expression
per 25 ll lysate normalized to beta actin from three human hepatocyte donors.
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downstream of ARE consensus sequence (22) were fasted
hPAP mRNA expression was determined. Fasting increased
hPAP and Nqo1 mRNA expression in livers of ARE-hPAP
mice by 8 and 5-fold compared to feed controls (Fig. 3E).
hPAP mRNA expression was somewhat more inducible than
Nqo1 mRNA expression, which is consistent with a previous
publication (54). 8-Br-cAMP increased hPAP mRNA expres-
sion by about 2.5-fold in primary mouse hepatocytes isolated
from ARE-hPAP mice (Fig. 3F). These results indicate that
fasting induces Nrf2, Nqo1 and Abcc2–4 in part through Nrf2.
Other transcription factors, such as CAR, PPARa also regulate
expression of Abcc2–4 (15). However, Nrf2-null mice ex-
hibited dampened induction of Abcc2–4 indicating that fast-

ing induction of Abcc2–4 occurs via some Nrf2 dependent
mechanisms.

8-Br-cAMP activates cAMP/PKA pathway upstream
of NRF2-ARE activation

To identify a connection between cAMP/PKA signaling
pathway and NRF2 activation, induction of ARE-driven lu-
ciferase reporter was analyzed in Huh-7 cells treated with 8-
Br-cAMP, glucagon and epinephrine. As shown in Figure 4A
and Supplementary Figure S4, all three treatments increased
ARE-driven luciferase activity by about 1.5–2.5-fold. Primary
ARE-hPAP mouse hepatocytes treated with 8-Br-cAMP

FIG. 2. Fasting induces nuclear factor-E2 related factor 2 (NRF2) target gene expression in vitro and in vivo. (A)
Induction of Nadph:quinone oxidoreductase (Nqo1) and Nrf2 mRNA expression in mouse liver after 24 h fast- Total RNA
was isolated from livers of C57BL/6 mice either fed ad libitum or fasted for 24 h. Gene expression of Nqo1 was quantified by
real-time quantitative PCR. The data are represented as average – SEM fold change over the fed controls. All data have been
normalized to 18S rRNA. (B) Induction of Nqo1 and NRF2 mRNA expression in primary mouse hepatocytes by 8-Br-cAMP-
Primary mouse hepatocytes were treated with DMSO or 8-Br-cAMP (1 mM) for 24 h. Total RNA was isolated 24 h after
treatment and Nqo1 and NRF2 mRNA expression was quantified using real time quantitative PCR. The data are represented
as average – SEM (n = 3) fold change over the fed controls. All data are normalized to 18S rRNA. Groups without a common
letter are significantly different. (C) Fasting increases binding of NRF2 to its consensus binding sequence-Liver nuclear
extracts were prepared from control and fasted C57BL/6 mice using Procarta TF nuclear extraction kit and analysis for
transcription factor binding was determined using a Procarta TF binding assay. The results obtained are represented as data
normalized to Transcription Factor II D. Data are expressed as Fluorescence Intensity/10 lg total liver nuclear extract
normalized to C57BL/6 fed controls. p < 0.05 was considered statistically significant. (D) Time dependent increase in NQO1
and NRF2 protein expression in Huh-7 cells by 8-Br-cAMP- Huh-7 cells were treated with1.0 mM 8-Br-cAMP for 0, 3, 6, 12,
24 h with media as the control (n = 3). mRNA levels of NQO1 was quantified using Branched DNA signal amplification assay.
The data are represented as fold change in NQO1 mRNA expression (n = 3). NQO1 protein levels were determined by
western blotting with Gapdh as the loading control. Nuclear NRF2 protein levels were measured by western blotting with
laminB1 as loading control. (E) Induction of NQO1 mRNA expression in primary human hepatocytes by 8-Brc-AMP- Primary
human hepatocytes were treated with media, DMSO, 8-Br-cAMP (0.1 and 1 mM), epinephrine (10 and 100 lM) or glucagon
(0.1 and 1 lM) for 24 h. At the end of 24 h cells were lysed using Lysis Mixture. mRNA levels of NQO1 was quantified using
Branched DNA signal amplification assay. The data are represented as relative mRNA expression per 25 ll lysate normalized
to beta actin from three human hepatocyte donors.
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showed increased hPAP expression, which was decreased
upon treatment with H89 (Fig. 4B). 8-Br-cAMP treatment in-
creased Nrf2, Nqo1, Abcc2, and 4 mRNA expression in pri-
mary hepatocytes isolated from Nrf2-WT, but not in Nrf2-null
hepatocytes (Fig. 4C, D). Induction of Nrf2, Nqo1, Abcc2, and
Abcc4 expression by 8-Br-cAMP was blunted by H89 in Nrf2-
WT hepatocytes, but not in Nrf2-null hepatocytes (Fig. 4C, D).

Induction of NAD + /NADH is one mechanism that acti-
vates SIRT1. Liver NAD + /NADH levels were decreased
by *50% in NRF2-null compared with Nrf2 WT mice (Fig.
4E). Fasting resulted in a greater fold increase in liver NAD + /
NADH ratio in Nrf2-null mice as compared to the WT mice
(Fig. 4E), but as seen from Figure 3D, Nrf2-null mice did not
demonstrate the changes in cAMP levels as seen in the Nrf2
WT mice. Lack of Nrf2 did not affect Pgc-1a and Pepck ex-
pression in these mice (Supplementary Fig. S5), indicating
that fasting-induced expression of gluconeogenic genes is not
Nrf2 dependent. However, even though upstream pathways
of fasting were activated in Nrf2 null mice, Abcc2–4 and Nqo1
expression was muted indicating that induction of these tar-
get genes occurs via Nrf2 dependent mechanisms.

In primary mouse hepatocytes, AMP-activated protein
kinase (AMPK) activators AICAR, MET, and NAD + failed to
induce Nrf2 and Nqo1, further suggesting a role for cAMP/
PKA instead of the AMPK pathway (Fig. 4F). Total AMPKa
and p-AMPKa levels decreased in livers of WT mice, but were
unchanged in Nrf2-null livers, further suggesting that AMPK
activation was not upstream to Nrf2 activation (Fig. 4G). These
observations indicate that cAMP/PKA induces expression of
ARE-containing genes via Nrf2-dependent mechanisms.

Fasting induced Abcc2–4 and NRF2-target gene
expression is SIRT1-dependent in vivo

In addition to cAMP/PKA signaling pathway, previous
studies have indicated that SIRT1 is a critical mediator of
fasting-induced expression and activation of Pgc1-a (45), as
well as other fasting physiologies, such as gluconeogenesis,
fatty acid oxidation, and ketogenesis (7). To test whether
SIRT1 plays a role in fasting induced activation of NRF2, liver-
specific SIRT1-null mice were fasted and expression of
Abcc2–4 determined. Absence of functional SIRT1 in liver min-
imally affected basal expression of genes measured (Fig. 5A).

Upon fasting, Nrf2 and Abcc2–4 mRNA expression were in-
duced in livers of control mice, but not in SIRT1LKO mice
(Fig. 5A). Fasting increased Nqo1 expression to a similar de-
gree in SIRT1-WT and SIRT1-LKO mice. Conversely, adeno-
viral over-expression of SIRT1 enhanced fasting induced
Nrf2 and Abcc2–4 expression (Fig. 5B).

NRF2 expression increases coordinately
with increasing SIRT1 and Pgc-1a in vitro

To identify whether the SIRT1-Pgc-1a cascade acts up-
stream of the NRF2-ARE pathway during fasting, NRF2 and
Pgc-1a mRNA expression was quantified in Huh-7 cells
transfected with either constant or varying amounts of NRF2,
SIRT1 and Pgc-1a. As depicted in Figure 6C and D, NRF2
expression was coordinately regulated with Pgc-1a. NRF2
expression increased by 5–7-fold (Fig. 6C) and 1.5–2-fold (Fig.
6D) with increasing concentration of SIRT1 and Pgc-1a ex-
pression plasmid, respectively. 8-Br-cAMP increases this fold
induction of NRF2 further in both cases (Fig. 6C, D). Thus,
SIRT1-Pgc-1a cascade potentially acts upstream of NRF2-ARE
pathway, increasing transcription of NRF2 and possibly its
activity. Immunoprecipitation (IP) assays were performed
using Huh-7 cells transfected with Flag-NRF2/cMyc-SIRT1 or
Flag-NRF2 only and treated with 8-Br-cAMP to determine
whether SIRT1 or Pgc-1a possibly could act as transcriptional
activators. 8-Br-cAMP induced cMyc protein expression in-
dicating and induction of SIRT1 protein (Supplementary Fig.
S6), as well as FlagM2 protein in the immunoprecipitate in-
dicating an increase in NRF2 expression (Fig. 6C). IP of Flag-
tag by Anti-Flag M2 antibody resulted in co-IP of endogenous
Pgc-1a along with Flag-NRF2 (Fig. 6C) indicating that Pgc-1a
could be a coactivator of NRF2-ARE transcriptional pathway.
It is also interesting to observe that this co-IP was less obvious
in cells which were not transfected with SIRT1 expression
plasmid (Fig. 6C). SIRT1 (c-Myc antibody) is also coimmu-
noprecipitated along with NRF2 (Fig. 6C). In addition, in
livers from transgenic mice that moderately over express
SIRT1 (19), had a slight elevation of NRF2 expression, further
suggesting that increased SIRT1 expression can increase
NRF2 expression (Fig. 6D). Lastly, fasting slightly decreased
SIRT1 protein expression in WT and NRF2-null mice (Sup-
plementary Fig. S2), suggesting that the observed induction of

FIG. 3. Fasting increases Abcc2–4, Nqo1 expression in Nrf2 dependent manner. (A) Fasting for 24 h induces the ex-
pression of Nrf2 target genes in wild-type C57BL/6 mice livers but not in Nrf2 null mice livers-Total RNA was isolated from
livers of C57BL/6 (n = 6) and Nrf2-null (n = 6) mice either fed ad libitum or fasted for 24 h. Nqo1and Abcc2–4 gene expression
was quantified by real time quantitative PCR. The data are represented as average – SEM (n = 6) fold change over the fed
controls. (B) Immunohistochemical staining of Abcc2-Cryosections were incubated with anti-Abcc2 antibody followed by
incubation with AlexaFluor-conjugated secondary antibodies (green). (C) Induction of Abcc2-3 protein expression in Nrf2-
WT but not in Nrf2-null mouse liver after 24 h fasting-Crude membrane proteins were isolated from livers of C57BL/6 (n = 2)
and Nrf2 null (n = 2) mice either fed ad libitum or fasted for 24 h. Nqo1, Abcc2, Abcc3 and beta actin protein expression was
quantified by western blotting. The data are representative of three individual protein quantifications. (D) Fasting for 24 h
decreases liver cAMP, while increasing serum cAMP levels in Nrf2 WT but not in Nrf2 null mice. Serum bile acids and serum
and liver cAMP levels were determined from serum and livers obtained from C57BL/6 (n = 4) and Nrf2 null (n = 4) mice
fasted for 24 h. Data are represented as average – SEM (n = 4) fold change relative to control. (E) Fasting increases hPAP and
Nqo1 mRNA in livers of ARE-hPAP mice-Total RNA was isolated from livers of C57BL/6 (n = 3) and ARE-hPAP (n = 3) mice either
fed ad libitum or fasted for 24 h. Nqo1 and human alkaline phosphatase (hPAP) mRNA expression was quantified by real time
quantitative PCR. The data are represented as average – SEM (n = 3) fold change over the fed controls. All data have been
normalized to 18S rRNA. (F) 8-Br-cAMP induces hPAP mRNA expression in primary mouse hepatocytes-ARE-hPAP mouse
hepatocytes were treated with 1 mM 8-Br-cAMP for 24 h. Total RNA was isolated and ARE-hPAP mRNA expression was quan-
tified using RT2-PCR. Target gene expression was normalized to 18s rRNA. Groups without a common letter are significantly
different. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars

‰
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FIG. 4. Protein kinase A (PKA) pathway acts as upstream regulator of NRF2-ARE pathway. (A) 8-Br-cAMP induces
antioxidant response element (ARE) in Huh-7 cells-Huh-7 cells were cultured to 85% conflucence and transiently transfected
with an ARE–luciferase reporter construct (100 ng) for 24 h. The cells were then treated with 0.1 and 1.0 mM 8-Br-cAMP for
24 h. Luciferase activity was measured by dual luciferase assay with renilla luciferase as a control. The data are expressed as
average fold induction in activity of the ARE-luciferase construct – SEM (n = 4). (B) H89 inhibits 8Br-cAMP induced mRNA
expression of hPAP-ARE-hPAP mouse hepatocytes were treated with 1 mM 8-Br-cAMP with or without H89 (10 lM) for 24 h.
Total RNA was isolated and hPAP, expression was quantified using RT2-PCR. Target gene expression was normalized to 18s
rRNA. 8-Br-cAMP induced (C) NRF2, Nqo1 and (D) Abcc2 and 4 mRNA expression is muted by H89 cotreatment in NRF2
WT, but not NRF2-null hepatocytes- Primary mouse hepatocytes obtained from WT or Nrf2-null mice were treated with
DMSO or 8-Br-cAMP (1 mM) with or without H89 (20 lM) for 24 h. Total RNA was isolated 24 h after treatment and Abcc2
mRNA expression was measured using real time quantitative PCR. The data are represented as average – SEM (n = 3) fold
change over the fed controls. All data are normalized to 18S rRNA. p < 0.05 was considered statistically significant. Groups
without a common letter are significantly different. (E) Fasting induced upregulation of hepatic NAD + /NADH levels occurs
to the greater extent in NRF2 null mice-NAD + /NADH ratio was quantified in livers obtained from C57BL/6 mice fasted for
24 h according to manufacturer’s protocol. The data are represented as average – SEM (n = 4) fold change over the fed
controls. (F) AMP-activated protein kinase (AMPK) activators do not induce expression of Nrf2 target genes-Primary mouse
hepatocytes were treated with control, AICAR (0.5 mM), NAD + (5 mM) or metformin (1 mM) for 24 h. Total RNA was
isolated 6 h after treatment and mRNA expression of Nqo1 and Nrf2 was quantified using real time quantitative PCR. The
data are represented as average – SEM (n = 3) fold change over the fed controls. All data are normalized to 18S rRNA. Groups
without a common letter are significantly different. (G) Total AMPKa and p-AMPKa is attenuated in Nrf2 WT and Nrf2 null
mouse livers upon fasting-Proteins lysates were obtained from livers of C57BL/6 (n = 2) and Nrf2 null (n = 2) mice either fed
ad libitum or fasted for 24 h. Total AMPK and p-AMPKa and Gapdh protein expression was quantified by western blotting.
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NRF2 expression may not be via increased SIRT1 protein ex-
pression. The above observations indicate that Pgc-1a acts as a
positive regulator of NRF2 expression and NRF2 transcrip-
tional pathway with activity of Pgc-1a partly dependent on
presence of SIRT1.

NRF2 and SIRT1 are enriched at ARE sites
in the 5¢-flanking region of the ABCC2 gene

To identify whether activation of fasting pathways in-
creased recruitment of NRF2 to the potential ABCC2 AREs,
Chromatin IP (ChIP) assays were performed. These potential
AREs in ABCC2 promoter region were identified using Ma-
tInspector algorithm. Although AREs have been described in
human ABCC2 promoter by Stockel et al. (47), we analyzed
the promoter region of ABCC2 again to identify any other
potential ARE-like sites, due to differences in ABCC2 basal
expression between HepG2 and Huh-7 cell lines.

Soluble chromatin fragments obtained from Huh-7 cells
treated with 8-Br-cAMP were analyzed for increased NRF2
and SIRT1 enrichment at the MARE_ARE site identified by
MatInspector. As seen in Figure 7A, 8-Br-cAMP increased
NRF2 recruitment at the MARE_ARE site in ABCC2 pro-
moter. A similar observation was not made with ARE-like
element at *4467 bp (Supplementary Fig. S7) and hence, was
not further analyzed. To identify whether 8-Br-cAMP could
also cause increased NRF2 recruitment at the previously de-
scribed ARE by (47), we used primers designed against the

ARE like element (*- 335 from transcription start site) de-
scribed to be important in regulation of basal ABCC2 ex-
pression along with a negative primer designed against a non
ARE-containing site in the promoter. 8-Br-cAMP increased
the recruitment of NRF2 to the ARE-like element described
previously as well as MARE_ARE as identified by MatIn-
spector algorithm, but does not show any changes when an-
alyzed using negative primers (Fig. 7B). Similarly, IP of the
soluble chromatin complexes with anti-SIRT1 antibody and
control IgG antibody demonstrates that 8-Br-cAMP treatment
causes an increase in recruitment of SIRT1 to the MARE_ARE
as well as the previously described ABCC2-ARE (Fig. 7C)
indicating that SIRT1 and NRF2 possibly coregulate ABCC2
expression. Whether SIRT1 binds directly to the DNA or
regulates ABCC2 expression transactivation via NRF2 cannot
be demonstrated.

8-Br-cAMP increases SIRT1 recruitment
at NQO1 ARE

It is also important to determine whether SIRT1 is recruited
(directly or indirectly) other known NRF2 targets as well.
Hence, ChIP assays were performed on soluble chromatin
obtained from Huh-7 cells treated with 8-Br-cAMP using anti-
SIRT1antibody and analyzed for the presence of DNA con-
taining NQO1 ARE described in (13) using primer sequences
as mentioned by the authors. As seen in Figure 7D, not only
does 8-Br-cAMP treatment increase SIRT1 recruitment at

FIG. 5. Changes in Nrf2-ARE
pathway during fasting are Sir-
tuin-1 (SIRT1) dependent. (A)
SIRT1LKO mice demonstrate resis-
tance to effects of fasting-Total
RNA was isolated from livers of
Sirt WT (n = 5) and SIRT1LKO
(n = 3) mice either fed ad libitum or
fasted for 24 h. Gene expression of
NRF2, Abcc 2–4 was quantified by
real time quantitative PCR. The
data are represented as aver-
age – SEM fold change over the fed
controls. All data have been nor-
malized to 18S rRNA. p < 0.05 was
considered statistically significant.
Groups without a common letter
are significantly different. (B) SIR-
T1OE mice demonstrate enhanced
induction of Abcc2–4 and Nrf2 tar-
get genes upon fasting-Total RNA
was isolated from livers of SIR-
T1OE (n = 8) mice either fed ad libi-
tum or fasted for 19 h. Gene
expression of NRF2, Abcc 2–4 was
quantified by real time quantitative
PCR. The data are represented as
average – SEM fold change over the
fed controls. Groups without a
common letter are significantly dif-
ferent. All data are normalized to
18S rRNA. p < 0.05 was considered
statistically significant. Groups
without a common letter are sig-
nificantly different.
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ABCC2-ARE, but also to a previously described ARE in
5¢-flanking region of NQO1. This observation indicates that
SIRT1 potentially regulates ABCC2 as well as NQO1.

Discussion

Studies herein demonstrate that fasting upregulates NRF2
activity and increases mouse and human ABCC2–4 expres-
sion in liver via cAMP/PKA-SIRT1 dependent mechanisms.
Hepatic transport mechanisms are integral to liver function to
maintain systemic hormone and second messenger levels.
There are only a handful of published observations that
document effects of fasting on hepatic clearance mechanisms.

NRF2 is best described for regulating xenobiotic detoxifica-
tion and clearance mechanisms, such as glutathione synthesis
and conjugation enzymes, Phase-II biotransformation en-
zymes, and Abcc transporters (26). As an oxidative stress
sensor; it is activated by reactive oxygen species, as well as
antioxidants. A majority of studies demonstrate a classical
function of NRF2 in mediating cytoprotective response in re-
sponse to xenobiotic insult or disease, but few identify whether
NRF2 participates in basic metabolic functions. Herein, we
demonstrate that fasting response increased NRF2-ARE bind-
ing, upregulates NRF2-ARE activation, and induces subse-
quent target gene mRNA expression both mouse and human
models. Moreover, the present data illustrate recruitment of
NRF2 and SIRT1 to ARE elements in the human ABCC2 pro-
moter. Figure 8 illustrates the hypothesized mechanism(s), by
which activation of the fasting pathway may induce NRF2
expression, as well as ABCC2–4 induction.

It is interesting to consider why NRF2 activation and he-
patic clearance mechanisms are upregulated during food
deprivation. Fasting causes a metabolism shift from lipid
storage to lipid oxidation for energy generation, resulting in
fat mobilization from adipose to liver, and consequently in-
creasing lipid peroxidation products (1). Lipid breakdown in
fasting preferentially increases arachidonic acid, stearic acid
and docosahexanoic acid, which are probable substrates for
Abcc3 (12, 29). A consequence of fasting is hepatic lipid ac-
cumulation and break down, as well as, increased bilirubin,
bile acids, and cyclic nucleotides, which are all substrates for
Abcc2–4. Fasting increases hepatic cAMP (30), cGMP (35),
bilirubin (28), UDP-glucuronosyltransferase (UGT) expression
(33), lipid peroxidation products, bile acids (43), bile flow (48),
and forms glutathione conjugates, which depletes cellular
glutathione (1). NRF2 and the ARE to enhance hepatic clear-
ance mechanisms of endogenous metabolites through Abcc2–4
upregulation. For example, mouse and human ABCC2 are
known to be high affinity transporters for bilirubin-glucuro-
nide and contribute to bilirubin excretion to bile (21). Fasting
increases bilirubin glucuronidation (51) and Abcc2 induction
could be in response to increase bilirubin clearance. Second, as
ABCC2–4 contributes to bile acid efflux from hepatocytes, in-
duction might aid in decreasing the increased bile acid load
that occurs with fasting. Third, cAMP and cGMP are substrates
for Abcc4 (53), and our data herein illustrate that serum and
liver cAMP levels corresponded with Abcc4 mRNA expres-
sion. Abcc4 induction during food deprivation may be a re-
sponse to control intracellular cyclic nucleotide concentrations
within liver to better regulate the fasting response. Fasting is
known to increase NAD + /NADH and glutathione disulfide/
glutathione (GSH) ratios within liver (17). Use of GSH in

conjugating reactions potentially with lipid peroxide interme-
diates also increases GSH conjugates, which are also ABCC2–4
substrates. Moreover, upregulation of GSH synthesis restores
redox balance and can enhance bile flow. Altered NAD + and
NADH levels in NRF2-null mice reflect the inability to cycle
NADH to NAD + ; required for glycolytic processes, which
might be compensated by alternative pathways as indicated by
a higher fold increased NAD + /NADH ratios upon fasting.
This observation is consistent with a recent observation that
PKA activates SIRT1 in NAD + independent mechanisms (16).
However, the role of NAD + in activating SIRT1 cannot be
overlooked. Lastly, fasting mobilizes fats from adipose tissue to
liver resulting in fasting-induced steatosis. As NRF2 has been
implicated in promoting steatosis, perhaps early NRF2 acti-
vation during fasting is one of the cellular responses to aid this
process and promote energy conservation in the form of tri-
glyceride (TG) storage (40).

Downstream regulation of Abcc2–4 by NRF2 is well de-
scribed, yet upstream signaling pathways are less described.
Insulin activates NRF2 via PI3K, mTOR and Akt pathways in
diabetic models (38). However, pathways contributing to
fasting- dependent NRF2 activation and subsequent target
gene expression have not been described. To date, two in vitro
studies illustrate that cAMP regulates Abcc3 and 4 expression
(8, 46). Presently, cAMP/PKA pathway activators (e.g., epi-
nephrine, glucagon, cAMP analogs, and food deprivation)
increased ARE activity NRF2 target gene expression in pri-
mary human and mouse hepatocytes, as well as mouse liver.
H89, a well described PKA inhibitor attenuated 8-Br-cAMP
induction of ARE activation and NRF2 target gene upregu-
lation, in vitro, further supporting a role for the cAMP/PKA
pathway. Moreover, AMPK activators decreased NRF2 target
gene expression and were not increased in fasting. Thus, the
data support a role for cAMP/PKA cascade as a regulator of
NRF2-ARE activation.

An additional aspect of the current study was to identify
factors downstream of cAMP/PKA cascade, which mediate
activation of NRF2- ARE pathway. The cAMP/PKA cascade
activates cAMP response element-binding protein, which is
also known to interact with NRF2, and synergistically increase
NRF2 target gene transcription (49). Because Pgc-1a is a central
transcriptional coactivator to multiple nuclear receptors (15),
we hypothesized that fasting might also modulate NRF2 via
SIRT1-Pgc-1a related mechanisms in vivo. Epigenetic mecha-
nisms, such as acetylation/deacetylation by p300/cbp protein
on lysine residues in the Neh1 domain of NRF2 as well as
phosphorylation/dephosphorylation at serine 40 and tyrosine
568 modulate NRF2-ARE binding (23, 24, 49). SIRT1 can de-
crease NRF2 binding to ARE in vitro (24). However, to date, no
studies have addressed how SIRT1 regulates NRF2 activity and
subsequent gene expression in vivo. The data herein illustrate
that fasting mediated NRF2 activation and Abcc upregulation
is SIRT1 dependent. Moreover, we demonstrated that the PKA
activator, 8-Br-cAMP is able to increase NRF2 recruitment to
the ABCC2 promoter along with SIRT1.

SIRT1 and Pgc-1a act in concert to activate gluconeogenesis
pathways in the hepatocytes (44). Mice expressing SIRT1 in
liver induced NRF2 target gene mRNA expression upon
fasting. However, fasting induction of NRF2 target gene ex-
pression (including Abcc2–4) was muted in livers of mice with
hepatocyte-specific SIRT1 deletion. Moreover, fasting gener-
ally increased liver Abcc2–4 mRNA expression with SIRT1
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overexpression. The above observations indicate toward a
probable role of SIRT1 as an upstream regulator of NRF2-ARE
pathway.

In summary, fasting and PKA activators increased mouse
Abcc2–4 expression in liver by NRF2- and SIRT1-related
mechanisms in mouse liver and hepatocytes. Additionally, 8-
Br-cAMP and PKA activating compounds increased NRF2
target gene and ABCC2–4 mRNA expression in human he-
patocytes. Our data illustrate an undescribed role for NRF2 as
a ‘‘fasting’’ responsive transcription factor that is activated via
cAMP/PKA-SIRT1 upstream mechanisms.

Materials and Methods

Animals and treatments

Adult male C57BL/6 (n = 8/group), Nrf2-null (n = 6/
group) (20) and ARE-hPAP reporter mice (n = 3/group) (22)
were fed Harlan Teklad LM-485 Mouse/Rat Sterilizable Diet
(Harlan Laboratories) ad libitum or were food withheld for
24 h. Adult male SIRT1-LKO (42) and Sirt-WT mice (n = 3)
were fed standard chow ad libitum or were food deprived
(fasted) for 18 h. Blood and livers were collected between 9–11
am for all individual fasting experiments. Livers from SIRT1
overexpressing fed or fasted mice were obtained from J.
Rodgers and P. Puigserver from a previously described study
(45) and M. Serrano (19). All studies were carried out at the
University of Rhode Island with institutional animal care
and use committee approval. Serum glucose (Cayman Che-
micals), triglycerides (Pointe Scientific) and free fatty acid
(non-esterified fatty acids) concentrations (Wako Diag-
nostics), hepatic and serum cAMP (Cell Signaling Technolo-
gies), serum bile acids (Bioquant Kits) were determined
according to manufacturer’s instructions.

Determination of biliary excretion of DBSP

Adult, male, C57BL/6 (n = 5 per group) were fed standard
chow ad libitum or were food withheld for 18 h. DBSP, pur-
chased from SERB Laboratories was injected intraperitoneal
(150 lmol/kg/5 ml) and 45 min after injection gallbladders
were collected. Bile DBSP content (lmol/ll bile/kg body
weight) was determined spectrophotometrically at 580 nm
after alkalinization with 0.1 N NaOH.

Cell lines and treatments

Huh-7 cells were treated with 0.5–2.0 mM 8-Bromoadeno-
sine-cAMP (8-Br-cAMP) (Sigma Aldrich) or media alone for
24 h. Huh-7 cells were cultured to 85% confluence and tran-
siently transfected with an ARE–luciferase (0.1 lg) (14) and
pRL-CMV (0.01 lg) reporter constructs using lipofectamine-
plus reagent (Invitrogen). Twenty-four hours after transfec-
tion, cells were treated with 0.1 mM or 1.0 mM 8-Br-cAMP for
24 h (15). Luciferase activity was measured using a Dual Lu-
ciferase Assay (Promega Corp.), and Firefly Luciferase Re-
lative Light Units (RLUs) were normalized to Renilla
Luciferase RLUs.

Plasmid transfections and endogenous gene
expression analysis

All plasmids used were obtained from Addgene Plasmid
Repository. Huh-7 cells were transiently transfected with
(0.5–1.0 lg) Flag-Pgc-1a, 75 ng Flag-NRF2 and 50 ng Myc-
SIRT1 expression plasmids or (50–100 ng) Myc-SIRT1, 75 ng
Flag-NRF2 and 0.5 lg Flag-Pgc-1a expression plasmids using
Lipofectamine LTX-plus reagent (Invitrogen) for 24 h. Cells
were then treated with 1.0 mM 8-Br-cAMP for 24 h. NRF2 and
Pgc-1a mRNA expression was measured using real time
quantitative PCR, with expression being normalized to 18S
rRNA expression.

IP assay

Huh-7 cells were cultured in 6 cm dishes and transiently
transfected with 3.0 lg Flag-tagged NRF2, with or without
0.75 lg cMyc-tagged SIRT1 plasmid for 24 h using Lipofecta-
mine LTX-plus reagent (Invitrogen). After 24 h, cells were
treated with 1.0 mM 8-Br-cAMP for 45 min and lysed with
buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05% NP-40).
1 mg protein lysate was incubated with Anti-FlagM2 mag-
netic beads (Sigma Aldrich) overnight in lysis buffer. After
incubation, beads were washed with Tris-Buffered Saline, pH
7.4, mixture boiled with sodium dodecyl sulfate (SDS) sam-
ples buffer, and immunoprecipitates were separated on a 10%
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) fol-
lowed by immunoblotting against Pgc-1a (Abcam), FlagM2
and c-myc (Sigma Aldrich).

FIG. 6. NRF2 expression increases coordinately with PPAR gamma coactivator alpha (Pgc-1a) and SIRT1 expression. (A)
NRF2 mRNA coordinately increases with increasing activation of SIRT1-Huh-7 cells were cultured to 85% confluence and
transiently transfected (50–100 ng) Myc-SIRT1, 75 ng Flag-NRF2 and 0.5 lg Flag-Pgc-1a expression plasmids using Lipo-
fectamine LTX-plus reagent (Invitrogen) for 24 h. The cells were then treated with 1.0 mM 8-Br-cAMP for 24 h. Endogenous
NRF2 and Pgc-1a mRNA expression was quantified by real time quantitative PCR. The data are represented as aver-
age – SEM (n = 3) over control All data have been normalized to 18S rRNA. (B) NRF2 mRNA expression coordinately
increases with increasing Pgc-1a expression-Huh-7 cells were cultured to 85% confluence and transiently transfected with (0.5–
1.0 lg) Flag-Pgc-1a, 50 ng Myc-SIRT1, 75 ng Flag-NRF2 and 0.5 lg Flag-Pgc-1a expression plasmids for 24 h. The cells were then
treated with 1.0 mM 8-Br-cAMP for 24 h. NRF2 and Pgc-1a mRNA expression was quantified by real time quantitative PCR. The
data are represented as average – SEM (n = 3) over control All data have been normalized to 18S rRNA. (C) Pgc-1a coimmu-
noprecipitates with NRF2 in a SIRT1 dependent manner-Huh-7 cells were cultured to 85% confluence in 6 cm dishes and
transiently transfected with 3.0 lg Flag-tagged NRF2, with or without 0.75 lg cMyc-tagged SIRT1 plasmid for 24 h. At the end
of 24 h, cells were treated with 1.0 mM 8-Br-cAMP for 45 min, and then lysed using lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM
NaCl, 0.05% NP-40). 1 mg of the protein lysate was incubated with Anti-FlagM2 magnetic beads overnight in lysis buffer and
immunoprecipitates were separated on sodium dodecyl sulfate polyacrylamide gel electrophoresie (SDS-PAGE) and im-
munoblotted for Flag-M2 and endogenous Pgc-1a. Gapdh was used as protein loading control. (D) Moderate SIRT1 over-
expression (OE) increased Nrf2 mRNA expression in mouse liver. Total RNA was isolated from SIRT1 WT (n = 5) and SIRT1 OE
(n = 5) mouse livers and NRF2 mRNA expression quantified using real-time quantitative PCR. The data are presented as
average – SEM (n = 2–3) fold change in RNA expression over SIRT1 WT controls. (E) Fasting slightly decreases SIRT1 protein in
mouse liver. Liver lysates in RIPA buffer were subjected to SDS-PAGE followed by western blot for SIRT1 and Gapdh.

‰
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Primary hepatocyte isolation, culture, and treatment

Primary mouse hepatocytes were obtained from adult
C57BL/6, ARE-hPAP and SirtLKO mice as described previ-
ously (55). Primary human hepatocytes (Cellzdirect�) were
maintained in William’s E Media supplemented with Cellz-
direct recommended supplements. Hepatocytes were treated
with DMSO vehicle or 1.0 mM 8-Br-cAMP dissolved in DMSO

for 24 h. Human hepatocyte experiments were approved by
the URI Institutional Review Board as an exemption.

mRNA quantification

Total RNA was isolated from tissue and cells using TRIzol
reagent (Invitrogen). mRNA expression was quantified by
Branched DNA signal amplification assay or real time quan-
titative PCR, with expression being normalized to 18S rRNA
expression. At the end of treatment, primary human hepato-
cytes were lysed with Lysis Mixture� (Panomics, Inc.) ac-
cording to manufacturer’s protocol and stored at - 80�C until
analysis. mRNA expression was measured using Quanti-
gene� Discover Kit (Panomics, Inc.). Target gene expression
was normalized to b-actin expression.

Western blot and immunohistochemistry

Previously described protocols were used (37). SIRT1
antibody (cat.WH0023411M1) was purchased from Sigma
Aldrich. Proteins were electrophoretically separated by SDS-
PAGE and transferred to polyvinylidene difluoride membrane.
Membranes were blocked with 5% Nonfat dry milk in phos-
phate-buffered saline (PBS) with 0.05% Tween-20 overnight,
and then incubated with appropriate concentrations of primary
and secondary antibodies. The blots were incubated in ECL-
Plus western blot detection reagent. Bands were visualized
using autoradiography film and quantified using Image Quant
Software (GE Healthcare and Life Sciences). Details are de-
scribed in (37) and Abcc2 staining immunostaining of liver
sections was performed as described (4). In mouse liver lysates,

FIG. 7. Activation of cAMP/PKA pathway increases NRF2
enrichment at ARE like elements in human ABCC2 pro-
moter. (A) 8-Br-cAMP increases NRF2 enrichment at ARE-
like sites in ABCC2 promoter. Huh-7 cells were treated with
8-Br-cAMP (0.1 mM) for 45 min and were washed and cross-
linked for 10 min with 1% formaldehyde and crosslinking
terminated by 125 mM glycine. The chromatin were sheared
and prepared and incubated overnight with Protein G
magnetic beads with Anti-NRF2 antibody or preimmune
IgG. The antibody-bound chromatins and input DNA (1/10
dilution) were analyzed by PCR for the presence of DNA-
fragments containing NRF2 bound-ARE-like element
(MARE_ARE) with primers as indicated in Table 1. (B) 8-Br-
cAMP increases NRF2 enrichment at other known ABCC2
AREs. Huh-7 cells were treated in a manner similar to (A)
and the NRF2-antibody bound chromatin and input DNA
were analyzed by RT2-PCR for the presence of DNA frag-
ments containing MARE_ARE as well as ARE-like elements
described by Stockel et al. (47) in ABCC2 promoter as well as
negative primers directed at a non ARE-containing promoter
region (Table 1). (C) 8-Br-cAMP increases SIRT1 enrichment
at ABCC2 ARE-like elements in Huh-7 cells. Huh-7 cells were
treated in a manner similar to (A), and the sheared chromatin
fragments were incubated with anti-SIRT1 antibody and
preimmune IgG overnight and the antibody-bound chroma-
tins were analyzed by RT2-PCR for DNA fragments contain-
ing MARE_ARE (Table 1). (D) 8-Br-cAMP increases SIRT1
enrichment at the NQO1 ARE. Huh-7 cells treated in a manner
similar to (A) and incubated with anti-SIRT1 antibody and
preimmune IgG overnight and the antibody-bound chroma-
tins were analyzed by PCR for DNA fragments containing
ARE-like elements as described by Dhakshinamoorthy et al.
(13) using primers indicated in Table 1.
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Abcc2, 3, and 4 migrated to 180–190, 165, and 150–160 kDa,
respectively. Nrf2 migrated to 110 kDa.

NRF2 binding assay

Nuclear extracts were isolated from livers using a TF Pro-
carta nuclear extraction kit (Panomics, Inc.) and protein con-
centrations were measured by a BCA protein assay (Pierce).
NRF2 binding to a prototypical ARE consensus sequence was
quantified using a Procarta TF custom array (Affymetrix) ac-
cording to manufacturer’s instructions. Data were acquired by

a Luminex Bio-plex� 200 Array reader with Luminex 100 X-
MAP technology, and data were acquired using Bio-Plex Data
Manager Software Version 5.0 (Bio-Rad Laboratories). All data
were normalized to Transcription Factor II D binding activity.

ABCC2 promoter analysis for ARE-like elements

To identify potential ARE-like elements in the 5¢-flanking
region of ABCC2, we used the Genomatix MatInspector Suite,
(Genomatix Software GmbH) and identified potential MAR-
E_AREs within - 6000 to + 100 bp from the transcriptional

Table 1. Primers Used to Amplify ARE/ARE-Like Sequences in the Human ABCC2 Promoter

Forward Reverse

PCR
MARE_ARE TTTAATCCGTGTGAGGAAGGAG CTGTTCTTGTTCACCCTCTAAGT
RT2-PCR
MARE_ARE TGAGAACCTCTTTGAATTCCTATGG GGCCCAGTGTAGATAAGTTTGAG
ARE CTGCCCTTTGTGGGTCATA TCTGTAGGAGTGGCCATACA

FIG. 8. Proposed model for fasting induced activation of NRF2-ARE pathway and expression of downstream target
genes. Fasting increases circulating glucagon and epinephrine levels activating cAMP/PKA cascade, which eventually will
increase Pgc-1a expression and also activate SIRT1. cAMP/PKA induces NRF2 binding to various AREs in a SIRT1-de-
pendent manner leading to an increase in Nqo1, Abcc2–4 expression. Specifically, induction of Pgc-1a and SIRT1 can induce
Nrf2 mRNA expression, which can lead to subsequent induction of Nrf2-regulated target genes, such as Nqo1 and Abcc2–4.
In addition, activation of the PKA pathway increases NRF2 and SIRT1 recruitment to MARE_ARE elements in the ABCC2
promoter. It is hypothesized fasting will result in the production or accumulation of metabolic intermediates, which could be
eliminated from hepatocytes via Abcc2–4. Fasting increases NAD + /NADH ratios, cAMP, bile acids, lipid peroxidation,
glucuronide and glutathione (GSH) conjugation, and decreases GSH levels within the hepatocyte. GSH and glucuronide
conjugates are substrates for Abcc2–4, some lipid peroxidation products are substrates for Abcc3. Abcc4 transports cyclic
nucleotides, such as cAMP and cGMP. Overall, fasting could increase the hepatic efflux of metabolite conjugates and
intermediates resulting from induction of the fasting response to maintain cellular homeostasis.

NRF2 AND FASTING 27



start site as detected by Transcriptional Regulatory Element
Database (TRED) (http://rulai.cshl.edu/cgi-bin/TRED/
tred.cgi?process = home). The generic transcription factor
binding algorithm was used, which identified one MAR-
E_ARE like element at *3272 bp and two NFE2-p45 like el-
ements, one overlapping the MARE_ARE *3272 and another
site at *4467 bp. To provide a positive control for the ChIP
experiments, primers corresponding to previously identified
ARE-like elements in human ABCC2 (47) were also included.

Chromatin IP

Huh-7 cells were treated with 8-Br-cAMP (0.1 mM) or
control (media) for 45 min. The chromatin preparation and
subsequent IP of the cells was performed using Active Motif
ChIP-IT express kit (Active Motif) and optimized according to
manufacturer’s protocol. Briefly, the cells were washed, cross
linked using 1% formaldehyde for 10 min and crosslinking
was stopped by 125 mM glycine solution. The cells were
scraped using 1 · PBS solution containing protease inhibitors
and pelleted by centrifugation. The pellet was then lysed us-
ing SDS-Lysis Buffer (provided) supplemented with protease
inhibitors and sonicated using Branson Sonifier 250 (Branson
Ultrasonics Corporation) thrice for 10 s with a rest period of
20–30 s at power level 2 on the machine. The shearing con-
ditions were optimized according to manufacturer’s guide to
obtain chromatin fragments between 200–1200 bp as deter-
mined by agarose gel electrophoresis. Equal amounts of
sheared chromatin were incubated overnight with Protein-G
magnetic beads and ChIP validated rabbit anti-NRF2 anti-
body (sc-722 · ; Santa Cruz Biotechnologies) or rabbit Anti-
SIRT1 antibody (07-131 Anti Sir2; EMD Millipore) along with
preimmune Anti-Rabbit IgG antibody (Cell Signaling). Anti-
body bound chromatin was then eluted and the DNA reverse-
cross linked and DNA purified by Proteinase K treatment. The
DNA fragments were analyzed by PCR or RT2-PCR for the
presence of NRF2-ARE like elements using primers as indi-
cated in Table 1. The primers sequences for NQO1-ARE were
obtained from (13).

NAD + /NADH assay

Tissue NAD + /NADH was measured using NAD/NADH
assay kit (BioVision, Inc.) according to manufacturer’s pro-
tocol.

Statistics

Statistical significance of differences was determined by
Duncan’s factorial ANOVA test. p < 0.05 was considered sta-
tistically significant. Groups without a common letter are
significantly different.
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AMPK¼AMP-activated protein kinase
ARE¼ antioxidant response element

8-Br-cAMP¼ 8-bromoadenosine-3¢,5¢-cyclic adenosine
monophosphate

cAMP¼ 3¢-5¢-cyclic adenosine monophosphate
ChIP¼ chromatin immunoprecipitation

DBSP¼disulfobromophthalein
GSH¼ glutathione

IP¼ immunoprecipitation
Keap1¼Kelch-like ECH-associated protein-1
NRF2¼nuclear factor-E2 related-factor 2
Nqo1¼Nadph:quinone oxidoreductase

Pgc-1a¼PPAR gamma coactivator-1 alpha
SDS¼ sodium dodecyl sulfate

SIRT1¼ sirtuin-1
PAGE¼polyacrylamide gel electrophoresis

PKA¼protein kinase A
RLUs¼ relative light units

TG¼ triglyceride
WT¼wild-type
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